Interpreting the results of plasma human immunodeficiency virus type 1 (HIV-1) genotypic drug-resistance tests is one of the most difficult tasks facing clinicians caring for HIV-1-infected patients. There are many drug-resistance mutations, and they arise in complex patterns that cause varying levels of drug resistance. In addition, HIV-1 exists in vivo as a virus population containing many genomic variants. Genotypic-resistance testing detects the drug-resistance mutations present in the most common plasma virus variants but may not detect drug-resistance mutations present in minor virus variants. Therefore, interpretation systems are necessary to determine the phenotypic and clinical significance of drug-resistance mutations found in a patient's plasma virus population. We describe the scientific principles of HIV-1 genotypic-resistance test interpretation and the most commonly used Web-based resources for clinicians ordering genotypic drug-resistance tests.
Retrospective studies have shown that the presence of HIV-1 drug resistance before starting a new antiretroviral drug treatment regimen is an independent predictor of the virologic response to that regimen. Prospective controlled studies have shown that patients whose physicians have access to drugresistance data, particularly genotypic-resistance data, respond better to therapy than control patients of physicians without such access. The accumulation of such retrospective and prospective data has led several expert panels to recommend drugresistance testing in the management of HIV-1-infected patients [1] [2] [3] .
However, interpreting the results of HIV-1 genotypic drugresistance tests is one of the most difficult tasks facing clinicians caring for HIV-1-infected patients because of the complex interactions among the many mutations that contribute to drug resistance; the varying levels of reduced susceptibility caused by these mutations; and the inability of drug-resistance tests to detect minor, yet clinically relevant, drug-resistant variants in a patient's virus quasispecies.
This article introduces the scientific principles underlying interpretation of genotypic-resistance test results and reviews currently available Web-based systems for interpretation of genotypic data, as well as those Web sites with clinically relevant summaries of HIV-1 drug-resistance mutations.
SCIENTIFIC BASIS FOR INTERPRETATION OF GENOTYPIC DATA
Three fundamental types of data form the basis of HIV-1 drugresistance knowledge (table 1) : (1) correlations between viral genotype and the antiretroviral treatments of persons from whom sequenced HIV-1 isolates have been obtained (genotypetreatment); (2) correlations between viral genotype and in vitro drug-susceptibility test results (genotype-phenotype); and (3) correlations between viral genotype and virological response to a new treatment regimen (genotype-outcome). Most genotypicresistance systems are based on 1 or more of these types of data, although systems differ with regard to the relative importance that they ascribe to each of the different data types.
Genotype-phenotype correlations quantify the effect of HIV-1 mutations in reducing drug susceptibility. These correlations, however, are not sufficient for genotypic interpretation, because HIV-1 exists within individuals as a quasispecies of innumerable variants that are related to (but distinct from) the predominant variants detected in plasma. Many drug-resistance mutations are sentinel mutations that have a minimal effect on drug susceptibility by themselves but are markers for the presence of other mutations that are likely to emerge with continued selective drug pressure. The clinical significance of such sentinel mutations is discovered through genotype-outcome rather than through genotype-phenotype studies.
HIV-1 DRUG-RESISTANCE SUMMARIES
Three Web sites contain comprehensive summaries of HIV-1 drug-resistance mutations (table 2) . The International AIDS Society-USA drug-resistance mutation panel is maintained by a group of experts that creates a biannual summary of the mutations believed to be the most clinically relevant [4] . The HIV Sequence Database at Los Alamos National Laboratories maintains the updated review "Mutations in retroviral genes associated with drug-resistance" [5] , which contains data on approved and investigational HIV-1 inhibitors, including those that target proteins other than protease, reverse-transcriptase (RT), and gp41. A complete, searchable version of the review can be found in the compendium section of the Web site (table  2) . The Drug Resistance Summary section of the Stanford University HIV Drug Resistance Database contains diagrammatic summaries of HIV-1 drug-resistance mutations by drug class, summaries of the main mutations associated with each antiretroviral drug, and a complete list of the drug-specific comments and scores used by the HIVdb drug-resistance interpretation program (table 2) .
GENOTYPIC-RESISTANCE INTERPRETATION SYSTEMS
Most genotypic-resistance reports are generated by 1 of 4 types of interpretation systems: (1) systems packaged with the US Food and Drug Administration-approved genotypic-resistance testing kits TruGene (Bayer Diagnostics) [6] and ViroSeq (Celera Diagnostics) [7] , which are free with each of the testing kits but are not otherwise publicly available (they are also the only systems reviewed by the US Food and Drug Administration each time they are updated); (2) systems used by large reference laboratories, which are also not publicly available; (3) the proprietary VirtualPhenotype and the VircoType systems (Virco); and (4) systems created by academic laboratories [2, 8] .
Of the 110 academic systems for genotypic interpretation, 6 are maintained on freely accessible Web sites (table 3). Each of these 5 systems accepts user-submitted protease and RT mutations and/or nucleotide sequence data and reports levels of inferred resistance to each of the protease and RT inhibitors. The rules and scores underlying 3 of these systems (Agence Nationale de Recherches sur le Sida [ANRS], Rega Institute, and HIVdb) are also publicly available.
The ANRS [9] and Rega Institute (Katholieke Universiteit; Leuven, Belgium) [10] The HIVdb system (Stanford University; Stanford, CA) is a rules-based system that consists of a list of drug penalty scores and comments for each mutation [11] . The total score for a drug is derived by adding the scores for all mutations associated with resistance to that drug to infer 1 of 5 levels of resistance: susceptible, potential low-level resistance, low-level resistance, intermediate resistance, and high-level resistance. Drug penalty scores for enfuvirtide are being developed. Figure 1 shows the 2 HIVdb input forms: one accepts lists of protease and/or RT mutations, and the other accepts nucleotide sequences. Figure  2 shows sample output for the protease and RT inhibitors. The Geno2pheno system uses decision trees and support vector machines to infer phenotypic drug susceptibility. The statistical models were trained on a database of genotypes and phenotypes created at the Institute of Clinical and Molecular Virology of the German National Reference Center for Retroviruses (Erlangen, Germany) [14, 15] . To facilitate the interpretation of resistance phenotype predictions, the output of Geno2pheno includes normalized resistance scores obtained from comparison of the predicted value with the distribution of fold-changes observed among untreated patients. A recently added component of the system is the software tool theo, which applies phenotypic-resistance predictions to clinical data and evaluates drug combinations on the basis of predicted changes in viral load [16] .
The Retrogram is a commonly used interpretation system developed by Boucher and colleagues at Utrecht University [17] . One clinical trial showed that patients of physicians using this system had better outcomes than did control patients whose physicians did not have access to a genotypic interpretation system [17] . The AntiRetroScan was developed at the University of Sienna [18] and is maintained on the Italian Antiretroviral Resistance Cohort Analysis Web site. Three additional academic systems developed by the Detroit Medical Center, Sao Paolo University, and Centre Hospitalier de Luxembourg are available through a commercial Web site maintained by Advanced Biological Laboratories (Luxembourg).
COMMERCIALLY AVAILABLE SYSTEMS FOR GENOTYPIC INTERPRETATION
VirtualPhenotype and VircoType. The VirtualPhenotype system is a proprietary, commercially available, online genotypic interpretation system that accepts a virus sequence and reports the expected level of phenotypic resistance to each of the approved antiretroviral drugs (table 4). The procedure involves using Virco's database of viruses for which both genotype and phenotype testing have been performed to identify viruses with patterns of mutations matching those in the submitted sequence. Only those mutations that are believed to be pertinent to drug resistance are required to match. The phenotypes of matching sequences are then analyzed to determine the median and range in the levels of fold-resistance. In 2 prospective studies, the VirtualPhenotype system and Antivirogram (the phenotypic assay upon which the VirtualPhenotype system is based) led to similar reductions in plasma HIV-1 RNA levels following a change in treatment regimen [19, 20] .
Three studies have used sets of clinical sequences to compare the VirtualPhenotype system to 1 or more rules-based systems. They reported high levels of concordance, except for those nucleoside reverse-transcriptase inhibitors with a narrow range in observable phenotypic susceptibility levels; these were more likely to be considered resistant by the rules-based systems [21] [22] [23] . This is consistent with a subsequent study reporting that the Antivirogram is considerably less sensitive than the PhenoSense assay (Monogram Biosciences) at detecting decreased susceptibility to didanosine, stavudine, abacavir, and probably tenofovir [24] . The VircoType system is the VirtualPhenotype system with clinical cutoff values derived from a retrospective study of 13200 genotype-outcome correlations between genotype as determined at baseline and virological responses to a new treatment regimen as determined after 8 weeks of therapy [25] . A linear regression model was developed to adjust for confounders such as past treatment history, the likely activity of drugs used in combination with the drug under evaluation, and baseline plasma HIV-1 RNA levels. The first clinical cutoff value was defined as the VirtualPhenotype value at which a 20% loss of virological response (compared with wild-type virus) is predicted, and the second clinical cutoff value was defined as the VirtualPhenotype value at which an 80% loss of virological response is predicted. The analysis of genotype-outcome correlations in the data set used to develop the VirtualPhenotype cutoff values generated interesting preliminary results with respect to the relative antiviral activity of the boosted protease inhibitors in vivo. It has been reported that reductions in susceptibility of ∼3-fold for amprenavir-ritonavir, ∼15-fold for saquinavir-ritonavir and indinavir-ritonavir, and ∼40-fold for lopinarvir-ritonavir were associated with a 50% reduction in expected virological response [25] .
Advanced Biological Laboratories. Advanced Biological Laboratories provides a commercial service called the ViroScore suite that provides simultaneous interpretations using genotypic interpretation systems developed by 6 different institutions: ANRS, Centre Hospitalier de Luxembourg, Detroit Medical Center, HIVdb, Rega Institute, and Sao Paolo University (table 4) . The ViroScore does not provide the complete report (including comments and individual scores) associated with each of these 6 systems; rather, it just provides the inferred level of resistance.
LEVEL OF CONCORDANCE AMONG GENOTYPIC INTERPRETATION SYSTEMS
Different interpretation systems often produce different interpretations when applied to the same virus mutations. Usually, these differences are a matter of degree. Ravela et al. [26] applied 4 algorithms (ANRS, HIVdb, Rega Institute, and TruGene) to the sequences of isolates from 2045 individuals in the United States. The results of 30,675 interpretations (2045 drugs) were as follows: 4.4% were completely sequences ϫ 15 discordant, with at least 1 system assigning susceptible and another system assigning resistant; 29.2% were partially discordant, with at least 1 system assigning susceptible and another [12] . Mutations can be selected from the drop down list or entered using a text box. B, Screenshot of the sequence entry form of the HIVdb program [13] . One or more sequences can be pasted into the text box or uploaded into the program. Machines can also interface with the HIVdb program to obtain scores, comments, and inferred levels of resistance using a Web service called Sierra (http://hivdb.stanford.edu/pages/webservices/). figure 1A . The first part of the interpretation divides each of the mutations (i.e., each difference from consensus B) into 3 categories: NRTI-associated, NNRTI-associated, and other. The second part lists the inferred level of resistance to each of the NRTIs and NNRTIs. The third part contains comments associated with each of the drug-resistance mutations. The fourth part lists the individual scores for each mutation, with each score hyperlinked to data about the mutation and the drug. B, Screenshot of the protease inhibitor-resistance interpretation. Protease mutations are divided into 3 categories: major mutations, minor mutations, and other. The remainder of the output is similar to that for the reverse-transcriptase inhibitor interpretations. However, as noted in table 1, genotype-outcome studies involve many confounding factors and are underpowered, forcing different interpretation systems to develop different approaches for dealing with this data shortage. For example, the ANRS system bases its interpretations almost entirely on genotypeoutcome studies [9] , and the ANRS has published a large proportion of the studies linking genotype to virological outcome, including studies on the genotypic predictors of response to abacavir [27, 28] , tenofovir [29] , didanosine [30] , lopinavirritonavir [31, 32] , amprenavir-ritonavir [33] , saquinavir-ritonavir [34] , and atazanavir [35] . In contrast, the HIVdb system balances genotype-outcome, genotype-phenotype, and genotype-treatment correlations.
The structure of rules-based systems also contributes to discordances among interpretation systems. For example, most systems report 3 levels of resistance: susceptible, intermediate or possible resistance, and resistance. The Retrogram reports 4 levels of resistance, and the HIVdb system and AntiRetroScan each report 5 levels of resistance. Although the use of 3 levels is consistent with the approach used for other pathogenic microorganisms-for which it is usually possible to use only fully active drugs-it is often necessary to use drugs to which there is some level of resistance when treating HIV-1-infected persons for whom multiple previous treatment regimens have failed.
Interpretation systems involving Boolean expressions (e.g., those developed by ANRS and Rega Institute) consist of rules designed for common combinations of drug-resistance mutations supplemented by rules designed to provide reasonable interpretations for the large number of remaining possible mutation combinations. Score-based systems, such as HIVdb, consist of a list of drug-specific penalty scores for each mutation, which, in effect, creates a rule (adding up the mutation penalties) for every possible combination of mutations.
Score-based systems are prone to producing more-pessimistic interpretations than are Boolean expressions, because every drug-resistance mutation is assigned a penalty. In contrast, Boolean expressions are more likely to have a threshold at which resistance is not assigned unless certain combinations of mutations are present. Boolean expressions may be better predictors of short-term virological response, because in the absence of multiple mutations, the predominant plasma virus population may be only minimally resistant to a new antiretroviral drug. Scores and rules, however, are not mutually exclusive and can be combined, as in the AntiRetroScan system [18] .
COMPARISONS OF GENOTYPIC INTERPRETATION SYSTEMS
De Luca et al. [36] studied the performance of 11 interpretation systems on 261 patients with treatment-change episodes. Each drug used in the salvage regimen was assigned a genotypic sensitivity score (GSS) of 0 for drugs to which the virus was considered to be resistant, 0.5 for drugs to which the virus was considered to be partially resistant, and 1 for drugs to which the virus was considered to have no resistance. The mean GSS of the salvage regimens ranged from 1.4 to 2.2. The median change in plasma HIV-1 RNA level from baseline was Ϫ0.88 log 10 copies/mL after 3 months and Ϫ0.52 log 10 copies/mL after 6 months. The OR for achieving a virologic response (defined as plasma HIV-1 RNA levels of !500 copies/mL) was determined for each unit increase in GSS.
All analyzed interpretation systems were significantly predictive of virologic response, with ORs of 1.35-2.04 at 3 months De Luca and colleagues also studied the performance of 13 interpretation systems for 415 previously untreated patients, 42 of whom had viruses with у1 major drug-resistance mutation. In a multivariate analysis, only 1 system (Rega Institute) significantly predicted virologic response, and only 2 systems (HIVdb and Retrogram) showed a trend towards significantly predicting response [37] . Torti et al. [23] examined the predictive accuracy of the Retrogram, TruGene, and the VirtualPhenotype systems on 188 patients and reported that the interpretations of the rules-based systems, but not the VirtualPhenotype system, were significantly associated with achieving plasma HIV-1 RNA levels of !400 copies/mL. One study that examined the virological response to abacavir found that the ANRS system had the greatest predictive accuracy [38] .
Although it is logical to use comparative studies to understand performance variations among genotypic-interpretation systems, these studies are confounded by many factors: (1) genotypic-interpretation systems do not take into account past treatment history; (2) different systems report different gradations of resistance, and not all comparative studies adjust the GSS accordingly; (3) some systems may be better for shortterm virological outcomes (e.g., after 4-8 weeks of therapy), and others may be better for longer-term outcomes; (4) GSSs that assign a score of 1 to all drugs that are presumed to be fully active are oversimplifications, because different drugs have different potencies; (5) drugs often provide a virological advantage even in the presence of high-level drug resistance, either by maintaining selection for a replication-impaired virus variant or through residual antiretroviral activity [39] [40] [41] ; and (6) as genotypic testing has become routine, the genotypic interpretations themselves influence treatment selection and confound retrospective analyses.
Comparative studies of genotypic-resistance interpretation studies are important nonetheless. Indeed, the researchers performing these comparisons are aware of potential confounders and attempt to control for them by using multivariate statistical models. However, the clinical data sets used in these studies must be 1-2 orders of magnitude larger than those described to have enough statistical power to overcome these obstacles. They also must be publicly available to allow pooling of data from multiple studies and to allow researchers developing new systems to determine which rules (rather than which overall systems) work the best.
HIV-1 SUBTYPING
Although several groups have reported differences in the mechanisms of resistance among different subtypes [42] [43] [44] [45] [46] [47] , subtype-specific genotypic-resistance interpretation systems do not exist and may not be necessary. Nonetheless, many clinicians are interested in knowing the subtype of sequences that have undergone genotypic-resistance testing. Although the protease and RT genes are among the most highly conserved parts of the HIV-1 genome, they contain enough phylogenetic information (particularly the larger RT gene) to make pol subtyping possible [48, 49] . Table 5 lists the Web sites that provide reliable tools for determining the HIV-1 subtype of a submitted sequence. Each system accepts a user-submitted sequence and compares it with reference sequences for each of the pure subtypes (A, B, C, D, F, G, H, J, and K) and many of the common circulating recombinant forms (CRFs). Each system is also designed to detect non-CRF recombinants. The National Center for Biotechnology Information subtyping program can be used for several viruses in addition to HIV-1 [50] . The Los Alamos HIV Sequence Database [51] has 2 subtyping programs: one that uses distances and another that uses phylogenetic trees to assign an HIV-1 subtype.
The Rega Institute HIV-1 Automated Subtyping Tool [52] combines multiple programs to provide the most definitive identification of sequences matching known subtypes or CRFs. It provides users with both the underlying analysis and its interpretation, which is important when a sequence does not unequivocally match one of the known subtypes or CRFs. The Subtype Analyzer uses position-specific scoring matrices over protease-and RT-sequence windows to determine HIV-1 subtype. It also returns a statistical measure of confidence in the subtype assignment [53] . Although the HIVdb system reports subtypes, it is not as accurate as the systems described above; because the HIVdb system does not do bootscanning, it does not detect many of the CRFs and non-CRF recombinants.
CONCLUSION
Systems for genotypic-resistance interpretation help clinicians to understand the results of genotypic-resistance testing by providing targeted information on the phenotypic and clinical significance of mutations present in their patients' plasma virus populations. When combined with a sound understanding of the principles of antiretroviral therapy, these systems and Webbased drug-resistance summaries provide clinicians with data that help them to make the most-informed treatment decisions for their patients.
However, because these systems to do not integrate the results of other relevant clinical data, such as previous drug-resistance test results, antiretroviral treatment history, plasma HIV-1 RNA levels, and CD4 cell counts, they do not have the logical power to instruct clinicians on which antiretroviral drugs should be used when constructing a salvage therapy regimen. Moreover, clinicians must still be knowledgeable about antiretroviral crossresistance patterns to avoid prescribing drugs that may be rendered ineffective by mutations that were selected during previous treatments but are no longer detected in a genotypic test.
Additional genotype-phenotype and genotype-outcome correlations are required to improve current interpretation systems and to develop a standard, highly predictive, publicly available system that will evolve as new drugs are developed and new studies are published. Given sufficient publicly analyzable genotype-outcome correlations, it should also be possible to develop a transparent and robust genotypic interpretation system that would assimilate antiretroviral treatment history, laboratory data, and published treatment guidelines to generate treatment recommendations on the basis of the likely success of different antiretroviral drug combinations.
